Steam Reforming of Oxygenated Hydrocarbons for Hydrogen Production over Metal Catalysts by Adhikari, Sushil
Mississippi State University 
Scholars Junction 
Theses and Dissertations Theses and Dissertations 
5-3-2008 
Steam Reforming of Oxygenated Hydrocarbons for Hydrogen 
Production over Metal Catalysts 
Sushil Adhikari 
Follow this and additional works at: https://scholarsjunction.msstate.edu/td 
Recommended Citation 
Adhikari, Sushil, "Steam Reforming of Oxygenated Hydrocarbons for Hydrogen Production over Metal 
Catalysts" (2008). Theses and Dissertations. 4057. 
https://scholarsjunction.msstate.edu/td/4057 
This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at 
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of 










STEAM REFORMING OF OXYGENATED HYDROCARBONS FOR HYDROGEN 




Submitted to the Faculty of
Mississippi State University 
in Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy 
in Biological Engineering 
in the Department of Agricultural and Biological Engineering 

























STEAM REFORMING OF OXYGENATED HYDROCARBONS FOR HYDROGEN 




Sandun D. Fernando 
Assistant Professor of Agricultural & 
Biological Engineering 
(Director of Dissertation and Graduate 
Coordinator) 
R. Mark Bricka 




Assistant Research Professor of 
Agricultural & Biological Engineering 
(Committee Member) 
S. D. Filip To 
Associate Professor of Agricultural & 
Biological Engineering 
(Committee Member) 
Philip H. Steele 
Professor of Forest Products 
(Committee Member) 
W. Glenn Steele 






Name: Sushil Adhikari 
Date of Degree: May 2, 2008 
Institution: Mississippi State University 
Major Field: Biological Engineering 
Major Professor: Dr. Sandun D. Fernando 
Title of Study: STEAM REFORMING OF OXYGENATED HYDROCARBONS FOR
HYDROGEN PRODUCTION OVER METAL CATALYSTS 
Pages in Study: 83 
Candidate for Degree of Doctor of Philosophy  
With the increase in production of biodiesel, a glut of glycerol has resulted in the 
world market. Glycerol, once a valuable chemical, has become a recalcitrant byproduct. It 
is also a potential renewable feedstock for hydrogen production. This study is focused on 
hydrogen production from glycerol steam reforming. During the initial stage, effect of 
process variables, such as system pressure (1-5 atm), temperature (327 – 727 oC), and 
water/glycerol molar ratio of (1:1-9:1) on hydrogen yield was investigated using a 
thermodynamic analysis. The equilibrium concentrations of different compounds were 
calculated by the method of Gibbs free energy minimization. The study revealed that the 
best conditions for producing hydrogen is at temperature > 627 oC, atmospheric pressure, 
and water/glycerol molar ratio (WGMR) 9:1. As a part of catalysts screening, 14 catalysts 
were prepared on monoliths and tested for their activity. Effects of those catalysts on 
hydrogen selectivity and glycerol conversion in temperatures ranging from 600-900 oC 




catalysts based on hydrogen selectivity and glycerol conversion under the conditions 
investigated in this study. Also, the effect of WGMR, metal loading, and feed flow rate 
(FFR) were analyzed for the two best performing catalysts. Subsequently, effect of CeO2, 
MgO, and TiO2 supported Ni catalysts on hydrogen production from glycerol was 
studied. Effects of reaction temperature, FFR, and WGMR on hydrogen selectivity and 
glycerol conversion were also analyzed. Ni/CeO2 was found to be the best performing 
catalyst when compared to Ni/MgO and Ni/TiO2 under the experimental conditions 
investigated. The activation energy of glycerol reforming reaction was found to be 103
kJ/mol, and the reaction order with respect to glycerol was 0.23 over Ni/CeO2 catalysts 
based on the power law. 





I would like to dedicate this research to my parents, Ganesh and Kamala Adhikari 







   
ACKNOWLEDGEMENTS 
I would like to acknowledge many people who helped me during the course of my
Ph. D. program. First, I would like to thank my advisor Dr. Sandun D. Fernando for his 
constant support and encouragement during the doctoral program. I learned a lot from
him, especially about perfection and insistence. I would also like to express my
appreciation to other committee members (alphabetically) Drs. Philip H. Steele, 
Radhakrishnan Srinivasan, R. Mark Bricka, and S. D. Filip To for their help and 
cooperation. 
Many thanks to all the bioenergy group members: Agus Haryanto, Alok K. Singh, 
Saroj K. Jha, Dr. Shetian Liu, Dr. Xuejun Ye, Anuradh Gunawardena, and Gayan 
Nawaratna. I would also like to thank Ms. Sharron Miles, Kimberly Young, and Rhonda 
Walker Kinard for their help with paperwork and in numerous other ways.  
My parents have been always with me in my every endeavor, and I always 
appreciate their love. I would like to express my appreciation to my brother Anil 
Adhikari and sister Shila Sharma for encouraging me to continue towards a Ph. D. after 
completing my master’s degree. Last but not least, I would like to thank my beloved wife 






















LIST OF TABLES vi 
LIST OF FIGURES vii 
CHAPTER 
I. INTRODUCTION ...................................................................................................1 
1.1 Thermochemical Conversion for Hydrogen Production....................................2 
1.2 Knowledge Gap and Problem Statement ...........................................................5 
1.3 Objectives of the Study......................................................................................6 
1.4 Organization of the Report.................................................................................6 
II. THERMODYNAMIC ANALYSIS OF GLYCEROL REFORMING....................7 
 2.1 Background........................................................................................................7  
 2.2 Methodology......................................................................................................9  
2.3 Results and Discussion ....................................................................................11 
2.3.1 Hydrogen Production ..............................................................................11 
2.3.2 Methane Production ................................................................................13 
2.3.3 Carbon Monoxide and Carbon Dioxide Production ...............................15 
2.3.4 Carbon Production ..................................................................................15 
 2.4 Conclusions......................................................................................................16 
III. CATALYSTS SCREENING FOR HYDROGEN PRODUCTION FROM  
GLYCEROL ..........................................................................................................18 
3.1 Introduction......................................................................................................18  
 3.2 Experimental ....................................................................................................20 
3.2.1 Catalyst Preparation ................................................................................20 
3.2.2 Catalyst Performance Testing ................................................................21 
3.2.3 Catalyst Characterization ........................................................................23 
iv 
  
   
     
   
   
     







   
   
   















3.3 Results and Discussion ....................................................................................24 
3.3.1 Effect of Metal ........................................................................................24 
3.3.2 Effect of Feed Flow Rate ........................................................................29 
3.3.3 Effect of Water/Glycerol Ratio...............................................................32 
3.3.4 Effect of Metal Loading..........................................................................34 
3.3.5 Durability Test ........................................................................................34 
3.3.6 XRD and SEM Image .............................................................................37 
3.4 Conclusions......................................................................................................42 
IV. EFFECT OF SUPPORTS ON GLYCEROL STEAM REFORMING..................43 
4.1 Introduction......................................................................................................43 
4.2 Experimental Detail .........................................................................................45 
4.2.1 Catalyst Preparation ................................................................................45 
4.2.2 Catalyst Characterization ........................................................................45 
4.2.3 Catalyst Performance Testing .................................................................47 
4.2.4 Data Analysis ..........................................................................................49 
4.3 Results and Discussion ....................................................................................50 
4.4 Conclusions......................................................................................................63 
V. KINETICS STUDY AND REACTOR MODELING ...........................................64 
5.1 Methodology....................................................................................................64 
5.1.1 Kinetics Data...........................................................................................65 
5.1.2 Catalyst Preparation ................................................................................65 
5.1.3 Catalyst Performance Testing .................................................................65 
5.1.4 Numerical Modeling ...............................................................................66 
5.2 Results and Discussion ....................................................................................67 
5.2.1 Activation Energy and Reaction Order...................................................67 
5.2.2 Model Prediction.....................................................................................68 
5.2.3 Reaction Pathway....................................................................................72 
5.3 Conclusions......................................................................................................73 















LIST OF TABLES 
TABLE Page 
3.1 XRD analysis for Ni/Al2O3 and Rh/CeO2/Al2O3 ...................................................38 
4.1 Physisorption and chemisorption analysis for the selected catalysts.....................52 
5.1 Experimental reaction rates and intrinsic kinetics data for glycerol steam
reforming ..........................................................................................................68 





















   
 
   
 
   
 
   




2.1 Hydrogen moles and molar fraction vs temperature at different WGMRs at  
P = 1 atm...........................................................................................................12 
2.2 Hydrogen and methane moles produced at selected pressure and WGMR  
of 9:1.................................................................................................................13 
2.3 Moles of methane and mole fraction vs temperature at different WGMRs at  
P = 1 atm...........................................................................................................14 
2.4 Moles of CO and CO2 vs temperature at different WGMRs and P = 1 atm..........15 
2.5 Moles of carbon formation at different WGMRs and temperatures at P = 1 atm..16 
3.1 Schematic of glycerol steam reforming setup........................................................22 
3.2 H2 selectivity and glycerol conversion at selected temperatures over Al2O3 
supported catalysts ...........................................................................................25 
3.3 H2 selectivity and glycerol conversion at selected temperatures over  
CeO2/Al2O3 supported catalysts .......................................................................27 
3.4 CO, CO2, and CH4 selectivity over Al2O3, and CeO2/Al2O3 supported catalysts..28 
3.5 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) Rh/CeO2/Al2O3 
at selected flow rates ........................................................................................31 
3.6 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) Rh/CeO2/Al2O3 
at selected water/glycerol molar ratios .............................................................33 
3.7 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) Rh/CeO2/Al2O3 
at different metal loadings................................................................................35 
3.8 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) Rh/CeO2/Al2O3 































3.9 SEM images of (a) blank Al2O3, (b) Ni/Al2O3, (c) Rh/Al2O3, (d) CeO2/Al2O3, 
and (e) Rh/CeO2/Al2O3 before the reaction......................................................38 
3.10 Energy dispersive spectroscopy mapping for Ni/Al2O3.........................................41 
3.11 Energy dispersive spectroscopy mapping for Rh/CeO2/Al2O3 .............................41 
4.1 Schematic of the glycerol steam reforming system ...............................................48 
4.2 Weight loss profiles of Ni supported on CeO2, MgO, and TiO2 during 
calcination under N2 .........................................................................................50 
4.3 XRD measurements of the selected catalysts calcined at 500 oC ..........................51 
4.4 H2 TPR measurements of CeO2, MgO, and TiO2 supported Ni catalysts..............53 
4.5 Gas flow rate over CeO2, MgO, and TiO2 supported nickel catalyst at an FFR  
of 0.5 mL/min, catalyst loading of 1.5 g, and WGMR of 6:1 ..........................54 
4.6 Effect of temperature on H2 selectivity, and glycerol conversion at an FFR of  
0.5 mL/min, catalyst loading of 1.5 g, and WGMR of 6:1 ..............................55 
4.7 Effect of temperature on CO, CH4, and CO2 selectivity at an FFR 0.5 of mL/min, 
catalyst loading of 1.5 g, and WGMR of 6:1 ...................................................57 
4.8 Effect of FFR on H2 selectivity and glycerol conversion at 600 oC, catalyst 
loading of 0.75 g, and WGMR of 6:1...............................................................60 
4.9 Effect of WGMR on H2 selectivity and glycerol conversion at an FFR of 0.5 
mL/min, catalyst loading of 0.75 g, and 600 oC...............................................61 
4.10 Coke formation on the selected catalysts after two hours of operation at 550 oC, 
FFR of 0.5 mL/min, catalyst loading 0.75 g, and WGMR of 12:1 ..................62 
5.1 Comparison of experimental and predicted reaction rates using rate model ........69 
5.2 Comparison between experimental and model predicted glycerol conversion ....70 
5.3 Effect of glycerol conversion along the bed at various reaction temperatures at 
bed density of 24.69 kg/m3...............................................................................71 






   
 
   

























5.5 Change in temperature along the catalyst bed at 873K and a bed density of  
24.69 kg/m3 .....................................................................................................72 








After the energy crisis in the 1970’s, considerable attention was focused on the 
development of alternate energy resources. Currently, biomass has received much 
attention as an alternate energy source because it is renewable and theoretically, carbon 
dioxide (CO2) neutral. Likewise, demand for hydrogen (H2), the simplest and most 
abundant element, is growing due the technological advancements in fuel cell industry 
(Dunn 2002). At present, almost 95% of the world hydrogen is being produced from 
fossil fuel based feedstocks (Ewan and Allen 2005). Renewable resources based 
technologies for hydrogen production are attractive options for the future due to carbon 
neutral nature with lesser effects on the global climate. Hydrogen can be produced from 
bio-based resources via steam reforming (Deluga et al. 2004), gasification (Hashaikeh et 
al. 2006), and aqueous-phase reforming (Cortright et al. 2002; Davda et al. 2005) 
processes. On the other hand, with ever-increasing production of biodiesel, a surplus of 
inexpensive glycerol is flooding the world market. Several alternatives are being explored 
to utilize glycerol, a byproduct from biodiesel plants. Several commercial plants, e.g., 
have been established recently to produce propylene glycol from glycerol (Tullo 2006). 
Producing hydrogen from glycerol is another approach that is being investigated and the 






       
       
 conversion technologies utilized for hydrogen production. Sections 1.2 and 1.3 present 
the knowledge gap and the objectives of this study, respectively. Section 1.4 presents the 
organization of the report. 
1.1 Thermochemical Conversion for Hydrogen Production 
Conversion of fuels (e.g., methane, methanol, and ethanol) to hydrogen is carried 
out by mainly three techniques: steam reforming (SR), partial oxidation (PO), and 
autothermal reforming (ATR). Aqueous phase reforming (APR) process, a relatively 
recent technology, is also seen as another viable option for low temperature hydrogen 
production. Steam reforming is the most commonly used method for producing hydrogen 
in the chemical industry. In this process, fuel is reacted with steam in the presence of a 
catalyst to produce hydrogen, carbon dioxide, and carbon monoxide. Steam reforming 
process is highly endothermic. In general, the process can be depicted as follows: 
fuel (CnHmOp) + steam → carbon oxides + hydrogen, ∆H>0 (1.1) 
where ∆H is the change in enthalpy. 
The steam reforming of hydrocarbons has been the preferred method for many 
decades for industrial scale hydrogen production. Reforming process mainly involves 
splitting of hydrocarbons in the presence of water and water-gas shift reaction as given 
below (Twigg 1989): 
CnH2n+2 + nH2O → nCO + (2n+1)H2 (1.2) 
CO + H2O ↔ CO2 + H2 ∆H = -41 kJ/mol (1.3) 
The first step (Eq. 1.1) is highly endothermic, taking more heat than it evolves 






endothermic process. Thermodynamically, steam reforming process favors high 
temperatures and low pressures; whereas, water-gas shift reaction is inhibited by high
temperatures and unaffected by pressure. Excess steam favors the reforming reaction and 
the steam/carbon ratio of 3.5-4.5 is common in practice, especially in the case of methane 
steam reforming (Twigg 1989). Extensive studies have been done on the steam reforming 
reaction to produce hydrogen from ethanol, a biobased feedstock. Two review papers 
(Haryanto et al. 2005; Vaidya and Rodrigues 2006) are available on ethanol reforming 
process for hydrogen production including one from our research group (Haryanto et al. 
2005). 
A few studies have been carried out on hydrogen production from glycerol via 
steam reforming process. The overall reaction of hydrogen production by steam
reforming of glycerol (C3H8O3) is given as follows: 
C3H8O3 (g) + 3H2O (g)→ 7H2 (g) + 3CO2 (g) (1.4) 
Zhang et al.( 2007) performed glycerol steam reforming process over ceria-
supported metal catalysts. They reported that Ir/CeO2 catalyst resulted in a complete 
glycerol conversion at 400 oC; whereas, the complete conversion over Co/CeO2 and 
Ni/CeO2 catalysts occurred at 425 and 450 oC, respectively. Hirai et al.( 2005) reported 
that steam reforming of glycerol on Ru/Y2O3 catalyst exhibited H2 selectivity of ~90% 
and complete conversion at 600 oC. Czernik et al.(2002) used commercial Ni-based 
reforming catalyst for H2 production from glycerol; however, detailed results were not 
reported. Most of the studies on glycerol steam reforming process focused on expensive 




In the partial oxidation process, fuel is reacted with oxygen at sub-stoichiometric 
ratios. The oxidation reaction results in heat generation and high temperature. The 
objective of the reforming in the presence of the air is to balance the energy required for 
the process by oxidizing some of the fuel. If excess air is added, all the fuel will oxidize 
and produce mainly carbon dioxide and water. However, there are no studies on partial 
oxidation of glycerol. This process may be conducted with or without catalysts (Ahmed
and Krumpelt 2001). The process can be shown as follows: 
fuel (CnHmOp) + air → carbon oxides + hydrogen +nitrogen, ∆H<0 (1.5) 
Likewise, autothermal process combines the effect of the partial oxidation and 
steam reforming by feeding fuel, air, and water together into the reactor. This process is 
carried out in the presence of a catalyst. Although autothermal steam reforming process 
has some advantages over conventional steam reforming, the amount of hydrogen 
produced from autothermal reforming would be less (on a thermodynamic basis). The 
steam reforming process absorbs the heat generated by the partial oxidation process. The 
process can be shown as follows: 
fuel (CnHmOp) + air + steam → carbon oxides + hydrogen +nitrogen, ∆H<0 (1.6) 
Dauenhauer et al.(2006) produced H2 via autothermal steam reforming of glycerol 
over Rh-Ce/Al2O3 catalyst. Swami and Abraham (2006) compared autothermal and 
conventional steam reforming of glycerol process over γ-Al2O3 supported Pd/Ni/Cu/K 
catalyst. Swami and Abraham (2006) showed that the autothermal steam reforming 
process produced higher amounts of hydrogen, which was in contrast to the study done 
by Rioche et al. (2005). 
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Aqueous phase reforming (APR) process, a relatively new process developed by 
Dumesic and his co-workers (Cortright et al. 2002) at University of Wisconsin, has 
opened a new pathway for hydrogen production from alcohols and sugars. This process 
operates at relatively higher pressures around 60 bars and at low temperatures in 
comparison to steam reforming, which is typically operated at high temperatures. The 
main advantage of this process is that it is a liquid phase process as opposed to all the 
other available technologies being gas phase processes and most biomass based liquids 
are hard to vaporize. The process also produces less amount of CO, which is another 
advantage of the process. 
1.2 Knowledge Gap and Problem Statement 
As mentioned previously, glycerol can be a potential feedstock for hydrogen 
production. The limited studies published in the literature focused on expensive catalysts. 
Although there are different thermochemical pathways to produce hydrogen, steam
reforming is the most widely used technology. This study focuses on hydrogen 
production from glycerol via steam reforming process using cheaper catalysts. 
Furthermore, there is no detailed thermodynamic analysis for hydrogen production from 
glycerol and it is important to understand thermodynamically favored conditions for 
reforming process. There is a lack of data to determine the kinetics of the glycerol steam 
reforming process and those data are needed. This study fulfills the knowledge gap 
present in the current literature related to glycerol steam reforming process.  
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1.3 Objectives of the Study 
The main objective of this study is to produce hydrogen from glycerol, an 
oxygenated hydrocarbon. The specific objectives of the study are to (i) conduct a 
thermodynamic analysis of the glycerol steam reforming process to determine the best 
operating conditions, (ii) select a promising catalyst(s) for hydrogen production from
glycerol, (iii) study the effect of catalyst supports for hydrogen production, and (iv) 
determine the kinetics of glycerol steam reforming process over the best.   
1.4 Organization of the Report 
This dissertation has six chapters. Chapter I presents a brief background and the 
objectives of the study. Chapters II and III contain details of the thermodynamic analysis 
of glycerol steam reforming and catalysts screening, respectively. Chapter IV describes 
the effect of supports on glycerol steam reforming process. Finally, Chapter V discusses 
kinetics and reactor modeling of the reforming process. Chapter VI presents conclusions 
and recommendations for the future work. Chapter II and III are already published in the 
peer-reviewed journals. Chapter IV has already been accepted to be published in a 







                                                 
     
CHAPTER II 
THERMODYNAMIC ANALYSIS OF GLYCEROL REFORMING1 
This chapter contains details of the thermodynamic analysis of glycerol steam
reforming process. Section 2.1 presents a brief overview of glycerol steam reforming 
process and the significance of the thermodynamic analysis. Section 2.2 describes 
detailed methodology used to determine the equilibrium concentrations of different 
compounds and parameters used for the calculation. Section 2.3 describes the effect of 
different variables, such as pressure, temperature, and water/glycerol molar ratio on 
hydrogen production and other compounds. Finally, section 2.4 presents the conclusions 
of the thermodynamic analysis.  
2.1 Background 
To date, only a few studies have been attempted on glycerol reforming for 
hydrogen (H2) production. Dumesic and co-workers (Cortright et al. 2002; Davda et al. 
2005; Shabaker and Dumesic 2004) produced hydrogen from biomass-derived 
oxygenated hydrocarbons including glycerol in an aqueous phase reforming (APR) 
process. Czernik and co-workers (Czernik et al. 2002) produced hydrogen via steam
reforming of crude glycerol using a commercial nickel based naphtha reforming catalyst 
(C11-NK). Recently, Suzuki and co-workers (Hirai et al. 2005) reported the performance 






of a noble metal based catalyst for glycerol reforming. A catalyst is needed for the steam
reforming of glycerol and the knowledge of the conditions promoting carbon formation is 
essential; otherwise, carbon will poison the catalyst. Such information can be obtained 
only from a thermodynamic analysis. Carbon deposition on the surface of the catalyst 
will result several undesirable reactions and products affecting the purity of the 
reformation products. Formation of carbon will cause loss of effective surface area, lower 
the heat transfer rate from catalyst to gas, and plug the void space within the catalyst
(Amphlett et al. 1981). Carbon occurrence may arise due to the decomposition of carbon 
monoxide (CO) or methane (CH4) or the reaction of carbon dioxide (CO2) or CO with H2 
(García and Laborde 1991) and details related to reaction mechanism/s will be discussed 
later (Section 2.3.4). However, it should be noted that the thermodynamic analysis does 
not include the effect of the catalysts, but it gives the information on conditions where 
carbon formation can be avoided. 
Although a few studies on glycerol reforming for hydrogen production have 
appeared, a thermodynamic analysis has not been carried out. Steam reforming of 
glycerol for hydrogen production involves complex reactions. As a result, several 
intermediate byproducts are formed and end up in the product stream affecting the final 
purity of hydrogen produced. Furthermore, the yield of the hydrogen depends on several 
process variables, such as system pressure, temperature, and water/glycerol molar ratio 
(WGMR). The first step to understanding the effects of the aforementioned variables is a 
complete thermodynamic analysis. From this study, ideal reaction conditions for the 
reaction system that maximize hydrogen yield and minimize formation of undesirable 




The aim of this study is to analyze the effects of the process variables 
(temperature, pressure, and WGMR) on production of hydrogen and other compounds.  
The equilibrium concentrations of different compounds were calculated by a direct 
minimization of the Gibbs free energy (G). This analysis was performed for the steam 
reforming process of glycerol over the following variable ranges: pressure 1-5 atm,
temperature 600-1000 K, and water/glycerol molar ratio 1:1-9:1.  
2.2 Methodology 
If the pressure and the temperature of the system are constant, the equilibrium of 
the system is given as follows (Denbigh 1966): 
K 
dG = ∑µ idni  (2.1) 
i=1 
where µ i  and ni are the chemical potential and the number of moles of species i, 
respectively. K is the total number of chemical species in the reaction mixture.  
The objective is to find the set of ni’s which minimize the value of G. This can be 
solved in two ways (Smith and Missen 1982): (i) stoichiometric, and (ii) non-
stoichiometric thermodynamic approaches. In the stoichiometric approach, the system is 
described by a set of stoichiometrically independent reactions, and they are typically 
chosen arbitrarily from a set of possible reactions (Fishtik et al. 2000). In contrast, with 
the non-stoichiometric approach the equilibrium composition is found by the direct 
minimization of the Gibbs free energy for a given set of species (Lwin et al. 2000). The 
advantages of non-stoichiometric approach over the stoichiometric approach are as 
follows (García and Laborde 1991): (a) a selection of the possible set of reactions is not 









estimation of the initial equilibrium composition is not necessary. The non-stoichiometric 
approach has been used in this study. Eq. 2.1 can be written as follows: 
K 
G = ∑µ ini  (2.2) 
i=1 
To find the ni that minimize the value of G, it is necessary that the values of ni 
satisfy the elemental mass balances as given in Eq. 2.3.  
K 
∑ali ni = bl , l =1,….M        (2.3)  
i=1 
where ali  is the number of gram atoms of element l in a mole of species i and bl is the 
total number of gram atoms of element l in the reaction mixture. M is the total number of
atomic elements. 
Eq. 2.2 can be further expressed as (Lwin et al. 2000; Vasudeva et al. 1996): 
K K K 
G = ∑ni ∆Gi 0 + RT ∑ni ln yi +RT ∑ni ln P      (2.4)  
i=1 i=1 i=1 
where ∆Gi 
0  is the standard Gibbs free energy of formation of species i. R is the universal 
gas constant and T is the temperature. yi is the mole fraction of species i and P is the total 
pressure of the system.  
At low pressure and high temperature, the system can be considered as ideal 
(Lwin et al. 2000; Vasudeva et al. 1996). The objective function (2.4) was minimized 
using Mathcad version 11(Mathcad 2003). It was also solved by the Lagrange’s 
multiplier method using Mathcad version 11 while satisfying the elemental mass balances 
as given in Eq. 2.3. We considered the possible products from glycerol steam reforming 
to be H2, CH4, CO, CO2, unreacted water and C3H8O3, and carbon (C). Three elements, 
10 
i.e., carbon, hydrogen (H) and oxygen (O) are contained in all the products considered in 
this study, and therefore, only C, H and O were used for elemental mass balance. Total 
Gibbs free energy was considered to be independent of carbon, since solid carbon’s free 
energy of formation is zero, and it has no vapor pressure (Vasudeva et al. 1996). 
Therefore, carbon is included only in the elemental constraints but not in the objective 
function. As entry data the program needs pressure, temperature, number of compounds, 
number of atoms, values of the Gibbs free energy of formation, and initial guesses for ni’s 
in the equilibrium. Thermodynamic data were obtained from Lide (2005-2006), Yaws 
(1999), and Rossini (1953). 
2.3 Results and Discussion 
Production of hydrogen and other compounds at different temperatures, WGMRs, 
and pressures have been analyzed. The steam reforming of glycerol produces H2, CH4, 
CO, CO2, C, together with the unreacted water and glycerol. Only aforementioned 
compounds were included in the study because they are the primary products formed in 
the steam reforming of glycerol (Hirai et al. 2005; Soares et al. 2006). Over the 
temperature, pressure, and WGMR ranges analyzed, the conversion of glycerol was 
always greater than 99.99%, and it can be considered that the conversion was complete.  
2.3.1 Hydrogen Production 
Figure 2.1 depicts the hydrogen moles and molar fraction at different 
temperatures and WGMRs. As can be seen from Figure 2.1 (a), the number of moles of 
hydrogen increases with the increase in temperature. Similarly, the number of moles of 




decreasing pressure (see Figure 2.2a). The effect of the pressure on the glycerol steam 
reforming process was found to be consistent with methanol and ethanol steam reforming 
processes (Amphlett et al. 1981; García and Laborde 1991; Vasudeva et al. 1996).  The 
molar fraction of hydrogen is found to be higher in case of low WGMRs (Figure 2.1b). 
This is mainly due to the significant amount of water present in the product at high 
WGMRs. The unreacted water dilutes the molar fraction of hydrogen but not necessarily 
the quantity of hydrogen. The greatest quantity of hydrogen is produced at excess water 
for all temperatures. The best conditions to produce hydrogen will be with excess water if 
the hydrogen purification issues can be overcome. The upper limit of the moles of 
hydrogen produced per mole of glycerol is six at 960 K, WGMR = 9:1, and P = 1 atm 
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(a) (b) 
Figure 2.1 Hydrogen moles and molar fraction vs temperature at different WGMRs at P 
= 1 atm
At higher WGMRs i.e., 9:1 and 6:1, the number of moles of hydrogen produced at 
1000 K is slightly lower than in 950 K. The number of moles of hydrogen is at its 
12 
maximum at 960 K and decreases thereafter. A similar observation was made by 
Semelsberger and Borup (2006) in dimethyl ether steam reforming. Moles of hydrogen 
decrease together with CO2 at temperatures >960 K, and at the same time, moles of CO 
and water increase. Perhaps, this can be explained by the following equation:  
CO2 (g) + H2 (g) ↔ CO (g) + H2O (g) (2.5) 
2.3.2 Methane Production 
Methane competes against H2, and obviously CH4 is not a desirable product in the case of 
H2 production. Figure 2.3 shows the moles of methane and the methane molar fraction as 
a function of temperature. Methane production decreases when the temperature and the 
WGMR increase. Molar fraction of CH4 also decreases with the increase in temperature 
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At higher WGMRs, i.e., 9:1 and 6:1, and at higher temperatures (>950 K), the 
formation CH4 is almost inhibited. As the temperature increases, moles of water and CH4 
decrease and moles of CO, CO2, and H2 increase. This can be attributed to the methane 
steam reaction to produce CO or CO2 and H2 as given by the following equations 
(Amphlett et al. 1981): 
CH4 (g) + 2H2O (g) ↔ CO2 (g) + 4H2 (g) (2.6) 
CH4 (g) + H2O (g) ↔ CO (g) + 3H2 (g) (2.7) 
However, at WGMR 1:1 the CH4 formation is lower compared to other molar 
ratios analyzed in the study (Figure 2.3). This can be due to the significant amount of 
carbon formation (see Figure 2.5). Although, CH4 formation is low at low WGMR, the 
molar fraction is higher than other molar ratios analyzed in the study. As can be seen 
from Figure 2.3 (b), as we increase temperature and WGMR, mole fraction of CH4 
decreases. 























































600 650 700 750 800 850 900 950 1000 600 650 700 750 800 850 900 950 1000 
Temp, K Temp, K 
(a) (b) 
Figure 2.3 Moles of methane and mole fraction vs temperature at different WGMRs at 
P = 1 atm
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2.3.3 Carbon Monoxide and Carbon Dioxide Production 
Figure 2.4 shows the number of moles of CO and CO2 at different temperatures 
under selected WGMRs. Number of moles of CO increases with the increase in 
temperature but decreases with the increasing WGMR. However, the number of moles of 
CO2 increases with increasing temperature, goes through maximum at around 850 K, and 
then decreases at higher temperatures. This behavior may be attributed to the reformation 
of CH4 with CO2 as given in Eq. 2.8 (Fatsikostas et al. 2002). 
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Temp, K Temp, K 
(a) (b) 
Figure 2.4 Moles of CO and CO2 vs temperature at different WGMRs and P = 1 atm  
2.3.4 Carbon Production 
The possible reactions that can be attributed to carbon formation are given as 
follows: 
2CO (g) ↔ CO2 (g) + C (s) (2.9) 














CO (g)  + 2H2 (g) ↔ H2O (g) + C (s) (2.11) 
CO2 (g) + 2H2 (g) ↔ 2H2O (g) + C (s) (2.12) 
As discussed earlier, carbon formation is not desirable in the steam reforming 
process. Figure 2.5 shows the range of the conditions under which the solid carbon 
formation is possible. At 1000 K, no carbon is formed at any WGMR. At WGMRs 6:1 
and 9:1, carbon formation was thermodynamically inhibited at all temperatures analyzed 
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Figure 2.5 Moles of carbon formation at different WGMRs and temperatures at P = 1 
atm
2.4 Conclusions 
A thermodynamic analysis for hydrogen production by steam reforming of 
glycerol has been performed. The number of moles of hydrogen produced is calculated 
based on minimizing the Gibbs free energy. High temperatures, low pressures, and high 
water/glycerol molar ratios favor the hydrogen production. The study revealed that the 
16 
best conditions for producing hydrogen is at a temperature >900 K and a molar ratio of 
water/glycerol of 9:1. Under these conditions methane production is minimized, and 
carbon formation is thermodynamically inhibited. The upper limit of the moles of 
hydrogen produced per mole of glycerol is six versus the stoichiometric limit of seven. 
Although water-rich feed increases the hydrogen production, a significant amount of 






                                                 
      
 
CHAPTER III 
CATALYSTS SCREENING FOR HYDROGEN PRODUCTION FROM GLYCEROL2 
This chapter discusses the catalysts screening for hydrogen production via 
glycerol steam reforming process. Section 3.1 presents a brief introduction to glycerol 
steam reforming for hydrogen production. Section 3.2 describes detailed methodology for 
catalysts preparation, experimental set up, and catalyst characterization. Section 3.3 
presents results and discussion in terms of hydrogen selectivity and glycerol conversion. 
Finally, section 3.4 presents the conclusions of the study.  
3.1 Introduction 
To date, only a handful of studies have attempted glycerol steam reforming 
(Cortright et al. 2002; Czernik et al. 2002; Hirai et al. 2005) for hydrogen production. 
Dumesic and co-workers (Cortright et al. 2002; Davda et al. 2005; Huber et al. 2003; 
Shabaker and Dumesic 2004) produced H2 from biomass derived oxygenated 
hydrocarbons including glycerol in an aqueous phase reforming (APR) process. Although 
catalyst performance was stable for a week, high pressure and slow reaction rates 
hindered its use as a commercially viable process. The steam reforming process, 
however, can be carried out at atmospheric pressure. Steam reforming is the most energy 
efficient technology available, and it is the most cost-effective (USDoE 2002). It is 




   
  
 
strongly an endothermic reaction, and ideally, it must be carried out at high temperatures, 
low pressure, and high steam/glycerol ratios to achieve higher conversion (Sehested 
2006). Czernik and co-workers (Czernik et al. 2002) had reported steam reforming of 
crude glycerol using a commercial nickel based naphtha reforming catalyst (C11-NK); 
however, detailed results were not reported. Recently, Suzuki and co-workers (Hirai et al. 
2005) had reported the performance of the catalysts loaded with Groups 8-10 metals 
mainly in La2O3 supports for glycerol reforming at 500 and 600 oC, and steam/carbon 
ratio 3.3. 
The steam reforming reaction of glycerol proceeds according to the following 
equations (Hirai et al. 2005): 
H2OSteam reforming of glycerol: C3H8O3 ⎯  3CO + 4H2⎯ →  (3.1) 
Water-gas shift reaction: CO + H2O ⇔ CO2 + H2     (3.2)  
Methanation reaction: CO +3H2 →  CH4 + H2O     (3.3)  
The overall reaction at ideal condition can be given as follows: 
C3H8O3 +3H2O →  3CO2 +7H2 (∆H0298 = +346.4 kJ/mol) (3.4) 
Nickel (Fatsikostas et al. 2001; Fatsikostas and Verykios 2004; Frusteri et al. 
2004a; Mariño et al. 2001; Mariño et al. 2004) and noble metal based (Cavallaro 2000; 
Deluga et al. 2004; Idriss 2004) catalysts were widely used in ethanol steam reforming 
and detailed reviews on the catalysts can be found elsewhere (Haryanto et al. 2005; 
Vaidya and Rodrigues 2006). It is assumed that the active catalysts in ethanol steam
reforming are also active for glycerol steam reforming. Therefore, Ni and noble metal-
based catalysts were evaluated for H2 production from glycerol steam reforming in this 





Ni has been used as a steam reforming catalyst for a long time and it would help to 
compare the performance of a relatively cheaper catalyst such as Ni with noble metal-
based catalysts. In this study, we investigated the performance of Ni and platinum group 
metal-based catalysts on Al2O3 and CeO2/Al2O3 supports. A total of 14 catalysts were 
prepared and their performance was analyzed at four different temperatures ranging from 
600 to 900 oC. Based on the results, two best performing catalysts, in terms of H2 
selectivity and high glycerol conversion, were selected for a detailed study. The effect of 
water/glycerol molar ratios (WGMRs), metal loadings, and the feed flow rates (FFRs) or
gas hourly space velocity (GHSV) were analyzed for the two best performing catalysts. It 
is true that the glycerol produced from biodiesel plant is not pure, but we used pure 
glycerol in this study to avoid complexity associated with crude glycerol. 
3.2 Experimental 
3.2.1 Catalyst Preparation 
Metals used for catalysts preparation were as follows: (i) Rh, (ii) Pt, (iii) Pd, (iv) 
Ir, (v) Ru, and (vi) Ni. The catalysts were prepared by the incipient wetness technique 
using nitrate and chlorate precursors. All catalysts were prepared on alumina (92%) 
ceramic foam monoliths containing 8% silica and purchased from Vesuvius Hi Tech 
Ceramics (Champaign, IL). The monoliths had a nominal surface area of ∼1 m2/g with a 
void fraction of ca. 0.8. Industrial processes typically require catalysts deposited in 
structural supports, such as pellets or monoliths to minimize the pressure drop in the 
reactor (Liguras et al. 2003). Therefore, monolith supports were used in this study. 





reason behind choosing CeO2 was that it often exhibits strong resistance to coke 
deposition based on oxygen storage-release capacity (Idriss 2004; Wanat et al. 2004). 
Altogether, 14 catalysts (Al2O3; Rh/Al2O3; Pt/Al2O3; Pd/Al2O3; Ir/Al2O3; Ru/Al2O3; 
Ni/Al2O3; Ce/Al2O3; Rh/Ce/Al2O3; Pt/Ce/Al2O3; Pd/Ce/Al2O3; Ir/Ce/Al2O3; 
Ru/Ce/Al2O3; and Ni/Ce/Al2O3) were prepared for the experiments. Rh(NO3)3, H2PtCl6, 
Pd(NO3)2, H2Cl6Ir, HN4O10Ru, Ni(NO3)2.6H2O, and Ce(NO3)3.6H2O were used for 
catalysts preparation and purchased from Sigma-Aldrich (St. Louis, MO). The monoliths 
were loaded with metal 2.5 wt% of the monoliths unless otherwise stated. The monoliths 
were dried at 125 oC for one hour and calcined at 700 oC for five hours in air. In case that 
the amount of metal solution was too much to be loaded at once, and the loading was 
repeated after drying for around an hour at 125 oC until the complete metal loading was 
achieved. The monoliths were left overnight in the furnace after calcinations for cooling 
and reweighed to confirm the required metal loading.  It should be noted that although we 
present the catalyst in the form “metal/Al2O3”, and metals were in the oxide forms 
because the catalysts were not reduced prior, during or subsequent to test runs. This was 
confirmed by the X-ray diffraction (XRD) analysis that will be presented later.  
3.2.2 Catalyst Performance Testing 
Figure 3.1 shows the schematic of glycerol steam reforming process. All 
experiments were conducted in a tubular furnace that could reach temperatures up to 
1100 oC. The experiments were carried out at a constant flow rate of 0.5 mL/min unless 
otherwise noted and at four temperatures from 600 to 900 oC. Glycerol and water were 









reactor using a high pressure liquid chromatography (HPLC) pump (LC- 20AT, 
Shimadzu Scientific Instrument, Columbia, MD). As depicted in Figure 3.1, the coated 
monoliths were placed in the core of the tubular reactor. The monoliths were held at
center of the reactor with the help of alumina cloths. The reactor was made of alumina 
(99.8%) tube with 19 mm inner diameter and was purchased from McDanel Advanced 
Ceramic Technologies LLC (Beaver Falls, PA). Molar concentration of glycerol to water 
of 1:6 was kept constant throughout the experiment unless otherwise stated. Gas stream 
from the reactor was cooled using crushed ice and water. The unreacted water and other 
liquids formed during the reaction were collected. The outlet gas was sent through a 
moisture trap before purging to the gas chromatograph (GC6890 - Agilent Technologies 
Inc., Palo Alto, CA). Hydrogen content in the outlet was analyzed by a thermal 
conductivity detector with HP Molecular Sieve column. The concentrations of carbon 
monoxide (CO), methane (CH4), and CO2 were analyzed by a flame ionization detector 













Figure 3.1 Schematic of glycerol steam reforming setup  
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The performance of the catalyst is presented in terms of H2, CO, CH4, and CO2 
selectivity, and glycerol conversion. Selectivity and the glycerol conversion were 
calculated based on the following equations:  
H2 moles produced 1% H2 selectivity = × ×100  (3.5)C atoms produced in gas phase RR 
where RR is H2/CO2 reforming ratio (Cortright et al. 2002). In the case of glycerol steam
reforming process, it is 7/3 (see Eq. 3.4). 
C atoms in species i% Selectivity of i = ×100  (3.6)
C atoms produced in gas phase 
where species i = CO, CO2, and CH4. 
C atoms in gas products% Conversion = ×100  (3.7)
Total C atoms in the feedstock 
There could be some error while calculating glycerol conversion based on the 
carbon balance from gas products because we analyzed only three carbon containing
gases (CO, CO2, and CH4) and some inconspicuous unidentified peaks were noticed 
during the gas analysis. Perhaps, the unidentified peaks could be C2-hydrocarbons, such 
as ethane and ethylene (Soares et al. 2006). Also, the condensate collected after the 
reaction was not analyzed although there could be other organic compounds, such as 
ethylene glycol, methanol, hydroxypropane and ethanol, besides unconverted glycerol 
(Soares et al. 2006). 
3.2.3 Catalyst Characterization 
Two best performing catalysts were sent for XRD analysis. Also, scanning 




conducted to observe the dispersion of the metals on the supports for two best performing 
catalysts. 
3.3 Results and Discussion 
3.3.1 Effect of Metal 
Figure 3.2 depicts H2 selectivity and glycerol conversion for the selected catalysts 
over Al2O3 supports. As can be seen from Figure 3.2 (a), Ni/Al2O3 supported catalyst 
showed the highest selectivity for H2 compared to other platinum group metal-based 
catalysts at all temperatures investigated in this study. The maximum H2 selectivity with 
Ni/Al2O3 was 60, 56, and 48% at 900, 800, and 700 oC, respectively. Catalytic conversion 
of glycerol to H2, CO2, and CO involves the preferential cleavage of C-C bonds as 
opposed to C-O bonds (Cortright et al. 2002). It is generally accepted that nickel 
promotes C-C rupture (Fierro et al. 2002). Although Pt based catalysts are also active and 
selective for this process, the performance of Pt/Al2O3 was found to be lower compared 
to Ni/Al2O3 and Ru/Al2O3 in the present study. The H2 selectivity for the reaction at 900 
oC was in the order: Ni > Ir > Ru > Pt > Rh = Pd. 
Since the steam reforming of glycerol is a highly endothermic reaction, high 
temperature favors the conversion of glycerol. As can be seen from Figure 3.2 (b), the 
conversion of glycerol increased with the increase in temperature and reached a 
maximum at 900 oC for all the catalysts. The maximum conversion was obtained with 
Ni/Al2O3 and was 82% at 900 oC. As the temperature decreased, the conversion 
decreased and at 600 oC (not shown here) the conversion was less than 5% in all catalysts 



































































Al2O3 Rh/Al2O3 Ni/Al2O3 Ru/Al2O3 Ir/Al2O3 Pd/Al2O3 Pt/Al2O3
 (b) 
Figure 3.2 H2 selectivity and glycerol conversion at selected temperatures over Al2O3 
supported catalysts 
[Reaction conditions: WGMR = 6:1, FFR: 0.5 mL/min (GHSV = 51000    




selectivity and glycerol conversion (at 900 oC) compared to that of Al2O3 supported 
platinum metal based catalysts, it lost structural rigidity at low temperatures. A similar 
behavior was also observed when ethanol was steam reformed over Ni/Al2O3, and the 
problem was resolved by using La2O3 (Fatsikostas et al. 2002; Frusteri et al. 2004a). The 
advantage of Ni based catalyst is that it is much cheaper compared to the noble metal 
based catalysts. Unlike in H2 selectivity, where Ni/Al2O3 showed the best selectivity at all 
temperatures, Ni/Al2O3 (82%), Pd/Al2O3 (67%), and Ru/Al2O3 (51%) showed the highest 
conversions at 900, 800, and 700 oC, respectively. The glycerol conversion for the 
reaction at 900 oC was in the order: Ni > Ir > Pd > Rh > Pt > Ru. 
It is widely known that the catalyst support plays important role in the conversion 
process. Figure 3.3 depicts the selectivity and the conversion of CeO2/Al2O3 supported 
catalysts. Pd/CeO2/Al2O3 showed the maximum H2 selectivity (70%) at 900 oC, whereas 
Rh/CeO2/Al2O3 showed the highest H2 selectivity (74%) at 800 oC. At 700 oC, 
Ni/CeO2/Al2O3 showed the maximum selectivity (54%) towards H2. With the addition of
CeO2, all the catalysts showed a higher H2 selectivity than with Al2O3 supported 
catalysts. However, glycerol conversion showed mixed results. At 900 and 800 oC, all the 
catalysts showed higher conversion than only with Al2O3 supports, whereas at 700 oC, 
especially Pt, Rh and Ru supported catalysts showed lower conversions than that of 
CeO2/Al2O3 alone. The highest conversion was about 87 and 77% at 900 and 800 oC, 
respectively over Rh/CeO2/Al2O3. Overall, the addition of CeO2 showed a positive effect 
in both H2 selectivity and conversion for most of the catalysts. Perhaps, this could be due 
to the promoting effect of CeO2 and more importantly, CeO2 itself participating in the











































CeO2/Al2O3 Pt/CeO2/Al2O3 Rh/CeO2/Al2O3 Ru/CeO2/Al2O3
 (b) 
Figure 3.3 H2 selectivity and glycerol conversion at selected temperatures over 
CeO2/Al2O3 supported catalysts 
[Reaction conditions: WGMR = 6:1, FFR: 0.5 mL/min (GHSV = 51000 
hr-1), data collected after one hour of operation] 
As can be seen from Figure 3.4, all the catalysts were highly selective towards CO; 
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(a)       (b)  
Figure 3.4 CO, CO2, and CH4 selectivity over Al2O3, and CeO2/Al2O3 supported 
catalysts 
[Reaction conditions: WGMR = 6:1, FFR: 0.5 mL/min (GHSV = 51000    
hr-1), data collected after one hour of operation] 
to the primary reaction in glycerol being steam reforming as per Eq. 3.1 and water-gas 
shift reaction is being the secondary reaction. CO selectivity was always greater than 






never greater than 25%. Ni/Al2O3 and Rh/CeO2/Al2O3 showed the maximum CO2 
selectivity. In case of CH4 selectivity, it increased with decreased reaction temperatures 
in most of the catalysts, which is thermodynamically possible (Adhikari et al. 2007a). 
Formation of CH4 was almost completely inhibited with Rh/CeO2/Al2O3 at 900 oC. 
3.3.2 Effect of Feed Flow Rate 
Three different flow rates (0.15, 0.3, and 0.45 mL/min) were used to investigate 
the effect of the FFR in terms of glycerol conversion and the H2 selectivity for Ni/Al2O3 
and Rh/CeO2/Al2O3 catalysts. The hydrogen selectivity and glycerol conversion increased 
with the decrease in flow rate (Figure 3.5). With Ni/Al2O3, 81 and 70% conversion and 
H2 selectivity, respectively were obtained at 0.15 mL/min. With the increase in FFR from
0.15 to 0.3 mL/min, the conversion and H2 selectivity dropped to 76 and 66%, 
respectively. Further increase in FFR to 0.45 mL/min, the conversion and H2 selectivity 
dropped to 70 and 54%, respectively. Similarly, with Rh/CeO2/Al2O3 glycerol conversion 
and H2 selectivity were 90 and 61%, respectively at 0.15 mL/min FFR. With the increase 
in FFR from 0.15 to 0.3 mL/min, glycerol conversion dropped to 74%; whereas, there 
was very small increase (63%) in H2 selectivity. Likewise, increase in FFR to 0.45 
mL/min dropped glycerol conversion to 70% and H2 selectivity to 58%. It can be 
observed that there are some inconsistencies between the results of glycerol conversion 
obtained with both catalysts at 0.5 and 0.45 mL/min (Figures 3.2b and 3.5a for Ni/Al2O3, 
Figures 3.3b and 3.5b for Rh/CeO2/Al2O3). This could be attributed to the following 
reason: different samples of the catalyst were used for the test conditions. The weight of 








Higher glycerol conversion could result due to the higher metal loading in Figures 3.2b 
and 3.3b for Ni/Al2O3 and Rh/CeO2/Al2O3, respectively compared to Figures 3.5a 
(Ni/Al2O3) and 5b (Rh/CeO2/Al2O3).
As can be seen from Figure 3.5, at 0.15 mL/min no CH4 was observed in the gas 
streams with both catalysts, Ni/Al2O3 and Rh/CeO2/Al2O3. However, with the increase in 
the flow rate, selectivity towards CH4 increased under the given conditions. At FFR of 
0.45 mL/min, CH4 selectivity was 13 and 6% with Ni/Al2O3 and Rh/CeO2/Al2O3, 
respectively. Obviously, the formation of CH4 in the glycerol reforming is not desirable 
because it reduces the selectivity towards H2. At high glycerol conversion, the selectivity 
towards CO is higher than CO2 and CO selectivity reduced with the decrease in 
conversion. As mentioned earlier, this can be attributed to the occurrence of the primary 
reaction in glycerol reforming as dictated by Eq. 3.1.  The ratio of H2/CO (not shown 
here) varied from 1.6 to 2.0, which was slightly higher than given by Eq. 3.1. This 
behavior suggests that water-gas shift reaction (Eq. 3.2) is the secondary reaction which 
further converts CO and water to H2 and CO2 and therefore, increases the ratio of H2/CO 
higher than as given by the Eq. 3.1 (1.33). It was found that the increase in FFR 
decreased glycerol conversion and H2 selectivity with both catalysts. In case of Ni/Al2O3, 
increase in FFR conversion decreased steadily; whereas, it was not the same for 
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H2 CO CH4 
CO2 Conversion 
(b) 
Figure 3.5 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) 
Rh/CeO2/Al2O3 at selected flow rates 
[Reaction conditions: reaction temperature = 900 oC, WGMR = 6:1, data 





3.3.3 Effect of Water/Glycerol Ratio 
Figure 3.6 shows the effect of the WGMRs in H2, CO, CO2, and CH4 selectivity 
and glycerol conversion. With the increase in WGMRs, glycerol conversion increased 
steadily in case of Ni/Al2O3. Although glycerol conversion increased with the increase in 
WGMR from 3:1 to 6:1, it was almost constant when the WGMR increased from 6:1 to 
9:1 for Rh/CeO2/Al2O3. Glycerol conversion was almost 90% at WGMR 9:1 with 
Ni/Al2O3, whereas it was 93% in case of Rh/CeO2/Al2O3. With the increase in WGMR, 
H2 selectivity increased with both catalysts. A hydrogen selectivity of about 80% (five 
moles of H2) was obtained with Ni/Al2O3, whereas it was only 71% with Rh/CeO2/Al2O3 
at WGMR 9:1. At the same time, with the increase in WGMR from 3:1 to 6:1, the 
production of CH4 was completely inhibited in the case of Ni/Al2O3; whereas, no CH4 
was observed in any WGMR with Rh/CeO2/Al2O3 at 900 oC and FFR 0.15 mL/min. 
Similarly, with the increase in WGMR, the selectivity towards H2 and CO2 increased. The 
increase in H2 and CO2 could be attributed to the water-gas shift reaction.  Increase in 
WGMR also increased the H2 selectivity and conversion. However, the reforming process 
took a large amount of energy with the increase in water/glycerol molar ratio.  For 
example, the total amount of energy required to carry out the experiment at 900 oC is 
about 55% of the heating value of glycerol (1485 kJ/mol) with the WGMR 9:1. However, 
the process only requires 28% of the heating value of glycerol if the reaction is conducted 
at stoichiometric ratio of glycerol and water (i.e, WGMR = 3:1) at 900 oC. 
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H2 CO CH4 
CO2 Conversion
 (b) 
Figure 3.6 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) 
Rh/CeO2/Al2O3 at selected water/glycerol molar ratios  
[Reaction conditions: reaction temperature = 900 oC, FFR = 0.15 mL/min 
(GHSV = 15300 hr-1), data collected after one hour of operation] 
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3.3.4 Effect of Metal Loading 
Catalysts with three different metal loadings (1.5, 2.5, 3.5 wt%) were prepared for 
Ni/Al2O3 and Rh/CeO2/Al2O3 to determine the effect of the metal loading on selectivity 
of H2 and other gases, and glycerol conversion. In the case of Rh/CeO2/Al2O3, the metal 
loading of Ce was 2.5 wt% for all the catalysts. Figure 3.7 shows the effect of the metal 
loading in terms of selectivity and glycerol conversion.  As can be seen from Figure 3.7, 
with the increase in metal loading the glycerol conversion increased for both catalysts. At 
1.5 wt%, the glycerol conversion was 75% and increased to 81% with the metal loading 
of 2.5 wt% in case of Ni/Al2O3. Similarly, 90% of glycerol conversion was observed with 
Rh/CeO2/Al2O3 at 2.5 wt%; whereas, it was 78% at 1.5 wt% under identical conditions.  
At 3.5 wt% of metal loading, the glycerol conversion was about 94% for both the 
catalysts. Although glycerol conversion increased with the metal loading, H2 selectivity 
showed little increase. Similar trend was observed for the selectivity of CO, CH4, and 
CO2 at different metal loadings investigated under this study. 
3.3.5 Durability Test
Figure 3.8 shows durability studies test over Ni/Al2O3 and Rh/CeO2/Al2O3. As 
can be seen from the figure, H2 selectivity and glycerol conversion remained almost same
over thirteen hours of operation over Ni/Al2O3. Although the loss of structural rigidity 
was observed at lower temperatures (Section 3.3.1), it was not the case at 900 oC. The 
glycerol conversion was around 80% and the H2 selectivity remained ca. 73% under the 
experimental conditions investigated in this study over Ni/Al2O3. In the case of 
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H2 CO CH4 
CO2 Conversion
 (b) 
Figure 3.7 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) 
Rh/CeO2/Al2O3 at different metal loadings  
[Reaction conditions: reaction temperature = 900 oC, FFR = 0.15 mL/min, 




























































































      (b)  
Figure 3.8 Selectivity and glycerol conversion over (a) Ni/Al2O3, and (b) 
Rh/CeO2/Al2O3 for thirteen hours 
[Reaction conditions: reaction temperature = 900o C, FFR = 0.15 mL/min, 




Rh/CeO2/Al2O3, glycerol conversion remained almost constant over the time period; 
whereas, H2 selectivity decreased initially and remained constant thereafter. 
3.3.6 XRD and SEM Image  
Figure 3.9 shows scanning electron microscope (SEM) images of blank monoliths 
(Al2O3), Ni/Al2O3, Rh/Al2O3, CeO2/Al2O3, and Rh/CeO2/Al2O3. Comparing Figure 3.9 
(a) and (b), it can be inferred that the small particles seen in Figure 9 (b) are Ni particles. 
Similarly, comparing Figure 3.9 (a) and (c), it can be seen that the particles in Figure (c) 
is more lustrous than Figure (a) and it can be assumed that lustrous particles are due to
effect of Rh particles. We could not see much difference between Figure 3.9 (a) and (d) 
because CeO2 phase has a significantly smaller crystalline size than Al2O3 phase. 
Therefore, shining particles in Figure 3.9 (e) are also Rh metal particles and they might 
be in CeO2/Al2O3 supports. Looking into the five figures, it can be inferred that the metal 
particles are homogeneously dispersed. Table 3.1 depicts the phases present in two 
samples obtained from XRD analysis. Interestingly, we did not find any rhodium oxide in 
Rh/CeO2/Al2O3. We believe that either rhodium oxides were in amorphous phase or their 
size was too small to be detected by XRD. However, less than 10 wt% of the sample was 
in amorphous in both the catalysts.  The weight percentage of different phases in the 
sample was calculated by reference intensity ratio (RIR) method. Figure 3.10 and 3.11 
show the energy dispersive spectroscopy (EDS) mapping taken from Oxford Instruments 
for Ni/Al2O3 and Rh/CeO2/Al2O3 samples, respectively. Ni particles can be clearly seen 














However, we do not know the exact reason why Rh particles were not seen in 
CeO2/Al2O3 support. 
Table 3.1 XRD analysis for Ni/Al2O3 and Rh/CeO2/Al2O3 
Sample Phase Present Wt %, ± 4% 
Ni/Al2O3 Al2O3 60.5 
Al6Si2O13 38.2 
NiO 1.3 





Figure 3.9 SEM images of (a) blank Al2O3, (b) Ni/Al2O3, (c) Rh/Al2O3, (d) 
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Figure 3.10 Energy dispersive spectroscopy mapping for Ni/Al2O3 
[Rectangular box in the Figure on the left hand side shows the area of the 
sample used for EDS mapping and the figure on the right hand side shows 
EDS mapping for Ni]   
Figure 3.11 Energy dispersive spectroscopy mapping for Rh/CeO2/Al2O3 
[Rectangular box in the Figure on the left hand side shows the area of the 
sample used for EDS mapping and the figure on the right hand side shows 




The study on glycerol steam reforming for hydrogen production over Al2O3 and 
CeO2/Al2O3 supported catalysts was performed. Under the reaction conditions 
investigated, among 14 catalysts Ni/Al2O3 and Rh/CeO2/Al2O3 were found to be the best 
performing catalysts in terms of H2 selectivity and glycerol conversion. Effects of 
water/glycerol molar ratios, feed flow rates, and metal loadings were also investigated. It 
was found that with the increase in the WGMR, H2 selectivity and glycerol conversion 
increased. About 80% of H2 selectivity was obtained with Ni/Al2O3; whereas, it was 71% 
with Rh/CeO2/Al2O3 at WGMR 9:1 at 900 oC and FFR 0.15 mL/min. At higher WGMRs, 
H2 production efficiency could be reduced because of increased enthalpy needs for water 
evaporation. At low flow rates, for example, 0.15 mL/min, the CH4 production was 
completely inhibited in both catalysts, Ni/Al2O3 and Rh/CeO2/Al2O3. Although increase 
in metal loading increased glycerol conversion for both catalysts, it was not necessarily 
the case for H2 selectivity. At 3.5 wt% of metal loading, glycerol conversion was about 







                                                 
 
CHAPTER IV 
EFFECTS OF SUPPORTS ON GLYCEROL STEAM REFORMING3 
This chapter discusses the role of catalytic supports on glycerol steam reforming 
process. Section 4.1 presents a brief introduction to glycerol steam reforming over 
different catalysts and the rationale of choosing different supports for this study. Sections 
4.2 and 4.3 describe experimental details and results and discussion, respectively. Section 
4.4 presents conclusions derived based on the study performed.     
4.1 Introduction 
Literature presents several studies (Adhikari et al. 2007c; Cortright et al. 2002; 
Czernik et al. 2002; Dauenhauer et al. 2006; Hirai et al. 2005; Soares et al. 2006; Swami 
and Abraham 2006; Zhang et al. 2007) on H2 production from glycerol. Zhang et al. 
(2007) performed a glycerol steam reforming over ceria-supported metal catalysts. 
Results showed that the Ir/CeO2 catalyst resulted in a complete glycerol conversion at 
400 oC; whereas, the complete conversion over Co/CeO2 and Ni/CeO2 occurred at 425 
and 450 oC, respectively. Similarly, Dauenhauer et al. (2006) produced H2 via an 
autothermal steam reforming of glycerol over Rh-Ce/Al2O3 catalyst. Although the 
autothermal steam reforming process has some advantages over conventional steam
reforming (Dauenhauer et al. 2006), the amount of H2 produced from autothermal 
3 This chapter has been accepted for publication in Energy & Fuels.  
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reforming is less (based on a thermodynamic analysis). Consequently, our study was 
focused on the steam reforming process. Hirai et al. (2005) reported that steam reforming 
of glycerol on Ru/Y2O3 catalyst exhibited H2 selectivity of ~90% and complete 
conversion at 600 oC. Swami and Abraham (2006) compared autothermal and 
conventional steam reforming of glycerol process over γ-Al2O3 supported Pd/Ni/Cu/K 
catalyst. According to their findings, the autothermal steam reforming process produced a 
higher amount of H2, which was in contrast to the previous study (Rioche et al. 2005).  
Czernik et al. (2002) used a commercial Ni-based reforming catalyst for H2 production 
from glycerol; however, detailed results were not reported. The focus of most of the 
previous studies has been on expensive noble-based metal catalysts. Our objective is to 
explore the possibility of using cheaper catalyst for the glycerol steam reforming process. 
From our earlier study (Chapter III), we identified Ni as a highly active catalyst 
for the glycerol steam reforming (Adhikari et al. 2007d). We conducted a thermodynamic 
analysis of glycerol steam reforming process (Chapter II), and studied the effect of 
different parameters, such as reaction temperature, feed flow rate (FFR), and 
water/glycerol molar ratio (WGMR) (Adhikari et al. 2007a) and compared with 
experimental results (Adhikari et al. 2007b). In this chapter, we report the effects of 
different supports over Ni catalysts, namely CeO2, MgO, and TiO2, on H2 production and 
glycerol conversion.  
44 
 
4.2 Experimental Detail 
4.2.1 Catalyst Preparation 
Ni catalysts were prepared over three different supports: (i) CeO2, (ii) MgO, and 
(iii) TiO2 (Nanoscale Materials, Manhattan, KS).  Catalysts were prepared by the 
incipient wetness technique using nickel nitrate hexahydrate [Ni(NO3)2.6H2O] purchased 
from Sigma-Aldrich (St. Louis, MO). We impregnated metal precursors directly into the 
sieved (16- 35 U.S. mesh size) supports. Catalysts were dried at 110 oC for 12 hours and 
calcined at 500 oC for six hours in air.  Furnace temperatures were ramped at 10 oC/min 
for catalyst drying and calcination. After drying, catalyst samples were sieved again and 
the 16-35 mesh fraction was used for analysis. Nickel loading after calcination was 
measured using an inductively coupled plasma-optical emission spectrometer (ICP-OES) 
after the catalyst calcination. 
4.2.2 Catalyst Characterization 
Catalysts were characterized by the following techniques. Thermogravimetric 
analysis (TGA) experiments were performed on a TG/DTA 6300 (Perkin-Elmer 
Instrument, Wellesley, MA).  This system is capable of measuring the change in mass of 
a sample and heat flow as a function of temperature up to 1200 °C. The calcination 
temperature used for different catalysts was based on the results from TGA. For each 
catalyst sample, nitrogen (N2) gas was passed through the instrument at 20 mL/min, and 
the temperature was ramped at 10 °C/min from room temperature to 1000 oC. Coke 
formation on the catalysts was measured by using TGA (TGA-50H, Shimadzu Scientific 




     
      
TGA was attributed to the carbon formation on the catalysts. A few TGA was performed 
outside our laboratory before we purchased our own TGA (TGA-50H). X-ray diffraction 
(XRD) analysis was done at AMIA Laboratories (Leesburg, VA). XRD patterns were 
recorded using a Rigaku Ultima III diffractor with CuKα radiation operated at 40 kV and 
44 mA. The starting and end angles were 0.5 and 80o, respectively with an increment of
0.03o. Catalyst surface area, active metal surface area, and metal dispersion were 
measured using Autosorb-1C® (Quantachrome, Boynton Beach, FL). Surface area of 
catalysts was measured by Brunauer, Emmett and Teller (BET) method using N2 
adsorption isotherms. Prior to surface area measurement, samples were degassed at 300 
oC for three hours. For chemisorption analysis, samples were heated at 150 oC for 30 
minutes by flowing helium. After drying, catalysts were reduced by flowing H2 for two 
hours at 400 oC and the temperature was ramped at 20 oC/min. Following the reduction of 
catalyst samples with H2, subsequent evacuation for two hours was done. The active 
metal surface area and Ni dispersion were measured using H2 chemisorption at 40 oC. 
The percentage of Ni dispersion was calculated by using an H/Ni atomic ratio of one 
(Lowell et al. 2006). The average particle diameter was calculated based on the following 
relationship (Lowell et al. 2006): 
percentage of  the metal loading × shape factor (= 6)Average particle diameter = (4.1)
100× surface area of  the metal× density of  the metal
Hydrogen temperature programmed reduction (TPR) measurements were 
performed with an Autosorb-1C® equipped with a thermal conductivity detector (TCD). 
For each measurement, about 250 mg of catalyst (16-35 mesh) was heated to 150 oC 





cooled to 40 oC. Furnace temperature was programmed to reach 900 oC at 20 oC/min 
while flowing 5 vol% of H2 in N2 at 35 mL/min. Nickel loading on the catalysts were 
measured using ICP- OES (Optima 4300 DV, Perkin Elmer, Waltham, MA). Samples 
were mixed with sodium peroxide and sodium hydroxide, heated at 600 oC, and rinsed 
with de-ionized water and hydrochloric acid in preparation for ICP-OES analysis.  
4.2.3 Catalyst Performance Testing 
All experiments were carried out in a tubular furnace that could reach 
temperatures up to 1100 oC. The tubular reactor was made of stainless steel with 1/2 inch 
outer diameter and 0.083 inch wall thickness (Swagelok®, Pelham, AL). We wanted to 
reduced the amount of the catalysts used in the experiment. Therefore, we switched from
ceramic to stainless reactor. Glycerol and water were mixed in a separate container at 
preselected molar ratios. The mixture was introduced into the reactor using a high 
pressure liquid chromatography (HPLC) pump (LC- 20AT, Shimadzu Scientific 
Instrument, Columbia, MD). Catalysts were diluted with an equal amount of fused SiO2 
of similar size and placed in the middle of the tubular reactor by using quartz wool. Prior 
to the experiment, catalysts were reduced by sending H2 gas (50 mL/min) for one hour at 
700 oC. 
The output gas stream from the reactor was cooled using crushed ice and water. 
Unreacted water, glycerol, and other liquids formed during the reaction were collected at 
room temperature, and the condensate was used to analyze glycerol conversion. Figure 
4.1 illustrates the glycerol steam reforming process schematic. Hydrogen gas (Figure 4.1) 
was used only during the catalyst reduction process. HPLC (1200, Agilent Technologies 
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Inc., Palo Alto, CA) was used to analyze glycerol conversion with a zorbax carbohydrate 
column (4.6 x 150 mm 5 µm) using a mixture of acetonitrile and water as the mobile 
phase. Outlet gases were passed through a moisture trap before sending into the gas 
chromatograph unit (GC6890 - Agilent Technologies Inc., Palo Alto, CA). The hydrogen 
content in the gas mixture was analyzed by a TCD with an HP- molecular sieve column. 
Concentrations of carbon monoxide (CO), methane (CH4), carbon dioxide (CO2), ethane 
(C2H6), and ethylene (C2H4) were analyzed by a flame ionization detector (FID) with an 



























 Figure 4.1 Schematic of the glycerol steam reforming system
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4.2.4 Data Analysis 
Performance of the catalyst is presented in terms of H2, CO2, CO, and CH4 
selectivity and glycerol conversion. Performance parameters were calculated based on the 
following equations: 
H2 moles produced 1H2 selectivity, % = × ×100     (4.2)  C atoms in the product RR 
where RR is H2/CO2 reforming ratio. In this case of glycerol steam reforming process, it
is 7/3 (Eq. 1.4). 
C atoms in species iSelectivity of i, % = ×100 
C atoms in the product 
     (4.3)  
where species i = CO, CO2, and CH4. 
Glycerol conversion, % Glycerolin - Glycerolout = ×100 
Glycerolin 
    (4.4)  
A completely randomized design (Freund and Wilson 1997) was constructed to 
collect the experimental data. The process was allowed to reach steady state conditions 
(Figure 4.5), and all the data were collected after two hours of operation. Three 
replications (two samples per replication) were conducted for each measurement. All data 
reported in this study were averaged from the three replications. Least significance 
difference (LSD) method with significance level of α = 0.05 was used to determine 
significant differences in catalysts performance. SAS 9.1(SAS 2003) was used for the 
statistical analysis. Hereafter, the word “significant” refers to a statistical significance at 









4.3 Results and Discussion 
The TGA profiles for the Ni catalysts supported on CeO2, MgO, and TiO2 are 
presented in Figure 4.2. Each catalyst had two peaks corresponding to the weight loss 
associated with the decomposition of nitrates. Peaks were observed in all catalysts before 
400 oC, and no weight loss was observed after 500 oC. Consequently, we used calcination 
temperature of 500 oC. Pure nickel nitrate decomposed to nickel oxide at ~400 oC (Chen 


















Figure 4.2 Weight loss profiles of Ni supported on CeO2, MgO, and TiO2 during 
calcination under N2
 [CeO2 ( ), MgO ( ), and TiO2 ( )] 
The XRD profiles of Ni/MgO, Ni/TiO2, and Ni/CeO2 catalysts calcined at 500 oC 
are presented in Figure 4.3. XRD patterns were identified using software JADE 8 













MgO while those at 74.9o and 78.8o correspond to MgNiO2. It was difficult to distinguish 
NiO peaks from MgO because the XRD patterns of NiO and MgO are very close to each 
other and the NiO concentration was much lower than MgO. With Ni/TiO2 catalyst, peaks 
at 24.1o, 33o, 35.6o, 40.8o, 49.4o, 53.9o, 58o, 62.5o, and 64.1o correspond to Ni(TiO3). 
Peaks at 25.3o, 38o, 48o, 55o, and 78.8o were identified as TiO2. Likewise, three peaks at 
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Figure 4.3 XRD measurements of the selected catalysts calcined at 500 oC 
Physisorption and chemisorption results for different catalysts are given in Table 
4.1. Ni/CeO2 had the highest BET surface area (67.0 m2/g) followed by Ni/TiO2 (64.9 
m2/g) and Ni/MgO (50.2 m2/g). Also, the active metal surface area (4.74 m2/g) and metal 
dispersion (6.14%) were found to be the highest on Ni/CeO2. The higher metal surface 
area of Ni/CeO2 could be due to the better interaction of CeO2 with nickel precursor. The 







prepared by Frusteri et al. (2006) and Miyazawa et al. (2006). However, the Ni dispersion 
on the MgO support prepared in our laboratory was found to be lower than the catalyst 
prepared by Frusteri et al. (2006) and comparable with catalysts reported in other studies 
(Furusawa et al. 2007; Miyazawa et al. 2006). Likewise, the Ni dispersion on TiO2 was 
also lower in our catalyst than was reported by Miyazawa et al. (2006). Ni/TiO2 had the 
highest metal loading (12.7 wt %), followed by Ni/CeO2 (11.6 wt %) and Ni/MgO (9.62 
wt %). 
Table 4.1 Physisorption and chemisorption analysis for the selected catalysts 












67.0 4.74 6.14 16.48 
Ni/MgO 
(9.62) 
50.2 0.24 0.38 266.90 
Ni/TiO2 
(12.7) 
64.9 0.24 0.29 348.50 
1Actual wt% of Ni for each catalyst from ICP-OES analysis is given in the parenthesis.
The TPR measurements using H2 is given in Figure 4.4. Two reduction peaks 
around 450 and 825 oC were found for Ni/MgO. The first peak could be attributed to the 
reduction of NiO located on the surface of MgO. Similarly, the second peak represents 
the reduction of Ni2+ ions located in the MgO lattice. As a result of NiO-MgO bulk solid 
formation, the oxidized Ni form is reducible only when the reduction temperature is > 
550 oC (Freni et al. 2003). Freni et al. (2003) reported three reduction peaks at 280, 540 














peaks at 248 and 728 oC over Ni/MgO in another study. Furusawa et al. (2007) reported 
their TPR reduction peaks at 427 and 877 oC with Ni/MgO. Some differences in the 
reduction temperature might have occurred due to the differences in catalyst preparation 
methods, which may have resulted in formation of different oxides. Beyond the scope of 
this study, a more in-depth analysis would be required to identify the differences in 
reduction peaks over the same catalyst. On Ni/CeO2, two reduction peaks were found at 
325 and 500 oC. The first and second peaks can be attributed to the surface NiO and 
surface ceria reductions, respectively. Hydrogen TPR was also performed with blank 
ceria to confirm that ceria can be reduced at 500 oC. Zhang et al. (2007) reported two 
reduction peaks at 320 and and 540 oC for Ni/CeO2. The reduction peak for the Ni/TiO2 
was different than the results reported by Wu et al. (2005). The reduction peak pattern for 
Ni/TiO2 in our study was found to be similar to the study carried out by Miyazawa et al. 
(2006). A wide reduction peak could be attributed to the reduction of surface TiO2 and 
Ni(TiO3). 
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Figure 4.5 illustrates gas flow rate over three catalysts for about four hours. 
Ni/CeO2 and Ni/TiO2 suffered from slow deactivation while Ni/MgO did not deactivate 
during the same period. Initially, Ni/CeO2 gave the highest gas flow rate followed by 
Ni/MgO, and Ni/TiO2. After four hours, gas flow rates over Ni/CeO2 and Ni/MgO were 
























Figure 4.5 Gas flow rate over CeO2, MgO, and TiO2 supported nickel catalyst at an 
FFR 0.5 of mL/min, catalyst loading of 1.5 g, and WGMR of 6:1  
[CeO2 (■), MgO (○), and TiO2 (▲)] 
It was observed that hydrogen selectivity increased with an increase in 
temperature (see Figure 4.6a). The maximum H2 selectivity was found to be 66% for 
Ni/CeO2, followed by 52% for Ni/MgO, and 47% for Ni/TiO2 at 650 oC. An increase in 
temperature from 550 to 600 oC and 600 to 650 oC increased H2 selectivity significantly
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Ni/TiO2 in all temperatures investigated. We obtained a complete glycerol conversion 
with Ni/CeO2 and Ni/MgO at all temperatures investigated in this study. Glycerol 
conversion increased as the reaction temperature increased, reaching 83% at 650 oC over 










































      (b)  
Figure 4.6 Effect of temperature on H2 selectivity, and glycerol conversion at an FFR 
of 0.5 mL/min, catalyst loading of 1.5 g, and WGMR of 6:1  




The change in glycerol conversion was not significant with the increase in temperature 
from 550 to 600 oC. However, it increased significantly with an increase in temperature
from 600 to 650 oC. Glycerol conversion was found to be the lowest over Ni/TiO2 when 
compared to Ni/CeO2 and Ni/MgO at all temperatures.  
Figure 4.7 depicts CO, CH4 and CO2 selectivities at the selected temperatures. CO 
selectivity did not increase significantly with the increase in temperature from 550 to 650 
at 50 oC increments on Ni/MgO and Ni/CeO2. However, there was a significant change in 
CO selectivity between 550 and 650 oC.  Although CO selectivity remained constant on 
Ni/CeO2, hydrogen selectivity increased as the reaction temperature increased. The 
increase in H2 selectivity could be mainly due to the CH4 reforming process. CO 
selectivity increased significantly with the increase in temperature over Ni/TiO2. This 
was mainly due to the increase in glycerol conversion as the temperature increased. 
About 25.5% of CO selectivity was observed with Ni/CeO2 at 650 oC compared to 29.1% 
with Ni/TiO2 and 19.7% with Ni/MgO. The concentration of CO in the gas mixture was 
very high to meet the specifications required for the proton exchange member (PEM) fuel 
cells. Its concentration has to be lower than 10 ppm for PEM fuel cell application. 
Methane selectivity increased significantly with the increase in temperature from 550 to 
600 oC over Ni/MgO. No significant change was found in CH4 selectivity with further 
increase in temperature from 600 to 650 oC. Similarly, CH4 selectivity increased 
significantly with an increase in temperature from 550 to 650 oC over Ni/TiO2. Zhang et 
al.14 reported that glycerol decomposition to CH4 is highly favorable during the reforming 
process. Perhaps, Ni/TiO2 is highly active in glycerol decomposition to CH4 at higher 
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Figure 4.7 Effect of temperature on CO, CH4, and CO2 selectivity at an FFR of 0.5 
mL/min, catalyst loading of 1.5 g, and WGMR of 6:1  
[Error bars equal 95% CI]. 
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CH4 selectivity decreased significantly with the increase in temperature over 
Ni/CeO2. This is probably due to the fact that Ni/CeO2 is also active in methane 
reforming compared to other catalysts. Methane selectivity was below 6% in all the 
catalysts. Likewise, CO2 selectivity increased significantly with the increase in 
temperature over Ni/MgO and Ni/TiO2 catalysts. However, CO2 selectivity increased 
significantly with the increase in temperature from 550 to 600 oC and decreased 
significantly with further increase in temperature to 650 oC over Ni/CeO2. As seen from 
the figure, the sum of CO, CH4, and CO2 selectivity is below 60% meaning that a 
substantial amount of carbon is either deposited in catalysts and/or in the reactor tube 
and/or converted into liquid products. Liquid products in the condensate were identified 
using gas chromatograph-mass spectrometer (GC-MS). Some of the major products in the 
liquid were formaldehyde, acetaldehyde, ethanol, acetic acid, acetol, and propylene 
glycol. 
The main objective of this study is to compare the effects of the supports. As seen 
in Figure 4.6b, it is difficult to distinguish the effect of catalysts on glycerol conversion, 
especially for Ni/MgO and Ni/CeO2. Therefore, we reduced the amount of the catalyst 
loading by 50% (i.e., 0.75 g) for clarity in comparison. Effects of FFRs on H2 selectivity 
and glycerol conversion are discussed in Figure 4.8. The increase in FFR from 0.5 to 0.7 
mL/min reduced H2 selectivity significantly over Ni/TiO2 and Ni/CeO2 catalysts; 
whereas, H2 selectivity did not reduce significantly with increase in FFR from 0.5 to 0.6 
mL/min over Ni/MgO. A further increase in FFR from 0.6 to 0.7 mL/min decreased H2 
selectivity significantly over Ni/MgO. Ni/CeO2 showed the highest H2 selectivity among 




reduced to 35.5% at an FFR of 0.5 and 0.7 mL/min, respectively. Glycerol conversion 
reduced significantly with an increase in FFR from 0.5 to 0.6 and 0.6 to 0.7 mL/min over 
the three catalysts tested in this study and was mainly due to the decrease in residence 
time. As we increased the FFR, the contact time with the catalysts reduced and lowered 
the glycerol conversion. There was no significant change in glycerol conversion between 
Ni/MgO and Ni/CeO2 at an FFR of 0.5 and 0.6 mL/min. At 0.7 mL/min, Ni/CeO2 showed 
the highest conversion, followed by Ni/MgO and Ni/TiO2. Glycerol conversion was 
82.0% over Ni/CeO2 at an FFR of 0.7 mL/min, followed by 77.6% (Ni/MgO) and 47.0% 
(Ni/TiO2). Ni/TiO2 showed the lowest glycerol conversion in all FFRs tested.  
Effects of WGMR on H2 selectivity and glycerol conversion are depicted in 
Figure 4.9. Hydrogen selectivity increased significantly by increasing WGMR from 6:1 
to 9:1 and 9:1 to 12:1 over Ni/CeO2. With the increase in WGMR from 6:1 to 9:1, H2 
selectivity increased significantly on Ni/MgO. With a further increase in WGMR from
9:1 to 12:1, H2 selectivity did not increase significantly. On the other hand, H2 selectivity 
decreased significantly by increasing WGMR from 6:1 to 9:1 and increased significantly 
with a further increasing WGMR from 9:1 to 12:1 on Ni/TiO2. More analysis is needed 
before arriving at proper conclusions regarding the “typical” behavior of Ni/TiO2 found 
on this study. Ni/CeO2 gave the highest H2 selectivity (74.7%) followed by Ni/MgO 
(38.6%), and Ni/TiO2 (28.3%) at WGMR of 12:1. Ni/CeO2 showed the highest H2 
selectivity compared to Ni/MgO and Ni/TiO2 at all WGMRs. The highest H2 selectivity 
over Ni/CeO2 was 74.7%, which corresponds to 5.22 moles of H2 out of seven moles (Eq. 
1.4). Glycerol conversion remained the same with the increase in WGMR from 6:1 to 
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Figure 4.8 Effect of FFR on H2 selectivity and glycerol conversion at 600 oC, catalyst
loading of 0.75 g, and WGMR of 6:1 
[Error bars equal 95% CI] 
Surprisingly, glycerol conversion reduced significantly with an increase in 














increase in WGMR from 9:1 to 12:1. In-depth analysis is required to find out whether 
there is any effect of excess water on the Ni/TiO2 catalyst. Ni/MgO and Ni/CeO2 showed 
similar activity in terms of glycerol conversion at different WGMRs. Ni/TiO2, however, 
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Figure 4.9 Effect of WGMR on H2 selectivity and glycerol conversion at an FFR of 0.5 
mL/min, catalyst loading of 0.75 g, and 600 oC 








We found that the catalysts were more stable at 650 oC than at 550 oC. Also, the 
gas flow rate was lower at 550 oC compared to 650 oC, which means that a significant
amount of carbon was converted either to coke or in liquid products. Our results from 
total organic carbon and GC-MS analysis (not shown here) showed that glycerol was also 
converted to other organic compounds during the reforming process.  We, however, did 
not quantify the amount of each product present in the liquid phase. We measured coke 
formation in the catalysts during the glycerol reforming at 550 oC because the catalysts 
were deactivated in a short time at low temperature.  The coke formation was the highest 
on Ni/TiO2 (33 mg carbon/100 mg catalyst) followed by Ni/MgO (21 mg carbon/100 mg
catalyst) and Ni/CeO2 (19 mg carbon/100 mg catalyst) as seen in Figure 4.10. The lower 
activity of Ni/TiO2 could be attributed to the higher coke formation during the reforming 
process. Higher coke formation on Ni/TiO2 could be attributed to TiO2 being more acidic 
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Figure 4.10 Coke formation on the selected catalysts after two hours of operation at   




Figures 4.6, 4.8, and 4.9 illustrate that the H2 selectivity was the highest over 
Ni/CeO2 in all the conditions investigated in this study. Glycerol conversion on Ni/CeO2 
was always higher compared to Ni/TiO2 and higher than that of or similar to Ni/MgO. On 
the basis of the results, we concluded that Ni/CeO2 was more active compared to Ni/MgO 
and Ni/TiO2 for H2 production from the glycerol steam reforming process.   
4.4 Conclusions 
The glycerol steam reforming process was performed over Ni/CeO2, Ni/MgO, and 
Ni/TiO2 catalysts. Catalysts were characterized by various techniques. Ni/CeO2 had the 
highest surface area and metal dispersion. Increase in reaction temperatures and WGMRs 
resulted in positive effects both on H2 selectivity and glycerol conversion over Ni/MgO 
and Ni/CeO2. Glycerol conversion increased with an increase in reaction temperature, 
while it decreased with an increase in WGMR over Ni/TiO2. Increase in FFR reduced H2 
selectivity and glycerol conversion in all the catalysts. Ni/CeO2 was found to be the best 
catalyst compared to Ni/MgO and Ni/TiO2 at the reaction conditions investigated in this 
study. The maximum H2 selectivity was 74.7 % with Ni/CeO2 at a WGMR of 12:1, 
temperature of 600 oC, and FFR of 0.5 mL/min. Glycerol conversion was more than 99% 







KINETICS STUDY AND REACTOR MODELING  
This chapter presents kinetics studies performed on glycerol steam reforming and 
a reactor modeling. Section 5.1 describes methodology used in collecting the kinetics 
data and the reactor modeling. Section 5.2 presents results based on the kinetics study and 
the reactor modeling. Finally, Section 5.3 presents conclusion of this chapter.  
5.1 Methodology 
The power law model was used to fit the experimental data and the model was in 




where, n represents the reaction order with respect to glycerol. E and T denote the 
activation energy and reaction temperature, respectively. k0 represents the reaction 
constant and R is the universal gas constant. The given form of rate model does not 
include water concentration because water was present in excess compared to the 
glycerol. Similar model was used for ethanol steam reforming (Akande et al. 2007).  
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5.1.1 Kinetics Data 
The experimental procedure defined by Idem and Bakhshi (1996) was used to 
collect intrinsic kinetics data. Mass transfer limitation was minimized by selecting the 
appropriate size of the particles. Several sizes of the catalysts particles were tested to 
check whether the reaction was mass transfer limited. No changes in glycerol conversion 
were found with the increase in the size of the particles from 60-70 to 80-100 U. S. sieve 
size. Therefore, particle sizes of 60-80 were used for the kinetics study. Film diffusion in 
the reaction system was also minimized by selecting a suitable flow rate.  The plug flow 
conditions in the reactor were also maintained by avoiding back mixing and minimizing 
channeling. The conditions to avoid back mixing and minimizing channeling are (i) ratio 
of the internal diameter of the tube to the catalyst particle size (d/Dp)> 10 and (ii) ratio of 
catalyst bed to the catalyst particle size (L/Dp)> 50 (Rase 1977). In this work, d/Dp and 
L/Dp were 49.1 and 142, respectively to ensure the plug flow conditions in the reactor. To 
maintain isothermal conditions in the reactor, catalysts were mixed with inert materials 
(fused silica) to maintain the pre-selected bed length. Intrinsic kinetics data for this study 
were collected at 873 and 923 K. 
5.1.2 Catalyst Preparation 
Ni catalysts were prepared over CeO2 support as described in Section 4.2.1. 
5.1.3 Catalyst Performance Testing 
All experiments were carried out in a tubular furnace that could reach 







pre-selected molar ratios prior to the experiments. The mixture was then introduced into 
the tubular reactor using a high pressure liquid chromatography (HPLC) pump (LC- 
20AT, Shimadzu Scientific Instrument, Columbia, MD). Catalysts were diluted with 
fused SiO2 of similar size and placed in the reactor by using quartz wool. The reactor was 
made of quartz with 1/2 inch outer diameter and 0.054 inch wall thickness and was 
purchased from Technical Glass Products (Painesville Twp., OH). Prior to the 
experiment, catalysts were reduced by sending H2 gas (50 mL/min) for one hour at 700 
oC. Gas composition was measured as described in Section 4.2.3. 
5.1.4 Numerical Modeling 
The numerical model for packed bed tubular reactor was developed based on the 
steady state mass and energy balance. The model was based on following assumptions: 
(i) pseudo homogeneous chemical phase, (ii) constant density, (iii) constant velocity, (iv) 
constant wall temperature, (v) negligible pressure drop, (vi) gas ideal law. The 
mathematical model could be presented in the cylindrical coordinates and the mass and 
energy balance for species i can be written as follows (Bird et al. 2002): 




+ D + ρ r = v       (5.2)  r z b i
⎢ ∂r2 r ∂r ⎥ ∂z2 ∂z⎣ ⎦ 





⎥ + λz + ρb [∑− ∆H ⋅ ri ]= vρgCp      (5.3)  
⎢ ∂r2 r ∂r ⎥⎦ ∂z
2 ∂z⎣ 
where Dz and Dr denote the effective diffusivity in axial and radial directions, 
respectively. λr and λz denote the radial and axial effective thermal conductivity, 
respectively. v denotes velocity in the axial direction, Ci is the concentration of species i, 










     
  
 
capacity, ri denotes the reaction rate for species i, T denotes the temperature, and 
∆H denotes the heat of reaction. 
The initial and boundary conditions for the steady state energy and mass balance 
equations were as follows:
Ci (r,0) = C
0
i , T(r,0) = Ti
0 at z = 0 and 0 ≤ r ≤ rid      (5.4)  
∂Ci ∂T(0,z) = 0, (0,z) = 0,  at r = 0 and 0 ≤ z ≤ L      (5.5)  
∂r ∂r 
∂C ∂Ti (r ,z) = 0, λ (r , z) = U (T − T2 )  at r = rid and 0 ≤ z ≤ L  (5.6)id r id TW 1∂r ∂r 
where UTW denotes the overall heat transfer coefficient of the tube and the superscript 0 
denotes the inlet condition.  
5.2 Results and Discussion 
5.2.1 Activation Energy and Reaction Order 
Glycerol conversion in this study was defined as given below:
Glycerolin - GlyceroloutX = ×100 %        (5.7)  
Glycerolin 
Design equation for a plug flow reactor was used for the data analysis and the rate 
expression was expressed in the differential form as shown below: 
r = dX          (5.8)  a ⎛ W ⎞d⎜⎜ ⎟⎟ F⎝ A0 ⎠ 
Slopes were taken as various points of X vs. W/FA0 curves within the range of 
operation conditions to obtain the experimental reaction rates. Table 5.1 shows the 


















Table 5.1 Experimental reaction rates and intrinsic kinetics data for glycerol steam
reforming 











1 5.56E-05 5.341E-09 1.632E-07 3.941E-09 2.474E-08 1.17E+25
2 6.50E-05 5.907E-09 1.638E-07 1.365E-10 7.763E-09 1.17E+25
3 6.04E-05 5.582E-09 1.635E-07 2.795E-09 2.008E-08 1.17E+25
4 5.06E-05 5.054E-09 1.630E-07 3.057E-09 2.162E-08 1.17E+25
5 4.57E-05 4.813E-09 1.627E-07 3.501E-09 2.346E-08 1.17E+25
6 8.13E-05 1.144E-09 1.590E-07 3.046E-09 1.412E-08 4.07E+25
7 6.70E-05 4.163E-10 1.583E-07 5.224E-09 1.913E-08 4.07E+25
8 7.50E-05 7.077E-10 1.586E-07 5.052E-09 2.056E-08 4.07E+25
9 9.32E-05 1.980E-09 1.599E-07 3.896E-09 1.492E-08 4.07E+25
10 1.01E-04 2.422E-09 1.603E-07 3.106E-09 1.681E-08 4.07E+25
The values of activation energy and reaction order based on power model were 
estimated with non linear regression analysis using Marquardt algorithm using SAS 9.1 
software. The activation energy and the reaction order were found to be 103.4 kJ/mol and 
0.233, respectively. Simonetti et al. (2007) had reported activation energies of 60-90 
kJ/mol for Pt and Pt-Re catalysts and the reaction order of 0.2 for glycerol. The activation 
energy is slightly higher and reaction order is close to the findings of Simonetti et al. 
(2007). Figure 5.1 depicts the comparison of measured and predicted rates using Eq. 5.8. 
Some data points were not fitted well; however, because of the simplicity of the rate 
expression and the results were close to the published data, we accepted our model.  
5.2.2 Model Prediction 
Table 5.2 gives the parameters and their values used for predicting the model. 
Data for gas density and overall heat transfer coefficient were taken from Akande et al. 
(2006). Data for heat capacity and effective thermal conductivity were taken from Akpan 
et al. (2007). Data for effective diffusivity was calculated using Gilliland equation (Perry 
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Figure 5.1 Comparison of experimental and predicted reaction rates using rate model 
Table 5.2 Parameters and values used in the reactor modeling 
Parameter Definition Values and units 
T0 Temperature 873 K 
v Superficial velocity 51.5 x 10-3 m/s
ρb Bulk density 20.55 kg/m3 
ρg Gas density 0.31 kg/m3 
Dz and Dr Effective diffusivity 7.57 x 10-9  m2/sec 
UTW Heat transfer coefficient 0.156 kW/m2 K 
E Activation energy 103.4 kJ/mol 
k Rate constant 8135.5 
λz and λr Effective thermal conductivity 9.37 x 10
-3 kW/m K 
Cp Heat capacity 2.07 kJ/kg K 
ε Void fraction 0.22 
yA0 Inlet mole fraction of glycerol 0.076 
M Molecular weight 92.09 g/mol
r Internal radius of the reactor 5.08 mm
L Length of the reactor 30 mm
Figure 5.2 illustrates the comparison between experimental glycerol conversion 
and model predicted conversion. The average deviation between the experimental values 






















Figure 5.2 Comparison between experimental and model predicted glycerol conversion 
Figure 5.3 presents the effect of reaction temperature on glycerol conversion. As 
can be seen, glycerol conversion increased with the increase in temperature. Similarly,
Figure 5.4 depicts the effect of catalyst amount in a reaction bed (or bed density in 
kg/m3). As expected, glycerol conversion increased with the increase in catalyst amount. 
Figure 5.5 depicts the reduction in temperature along the catalyst bed. About 3.5 K 
temperature was reduced during the reaction and this was mainly due to the endothermic 
nature of reaction. Although there is a reduction of 3.5 K temperature along the catalyst 
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Figure 5.3 Effect of glycerol conversion along the bed at various reaction temperatures 
at a bed density of 24.69 kg/m3 
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Figure 5.5 Change in temperature along the catalyst bed at 873K and a bed density of 
24.69 kg/m3 
5.2.3 Reaction Pathway 
Figure 5.6 depicts the reaction pathways among the stable compounds from
glycerol steam reforming process. The final products that are formed were identified 
using GC-MS. Furthermore, the final product could also contribute in H2 production, 
which is not shown in the figure. As seen in figure, H2 can be produced through 
decomposition of glycerol followed by water gas shift reaction. Therefore, the cleavage 
of C-C bond is important for H2 production from glycerol steam reforming process. 
Acrolein can be produced due to the dehydration of glycerol (by removing two moles of 
water). Dehydration (removing one mole of water from glycerol) of glycerol followed by 
hydrogenation would produce propylene glycol. Propylene glycol can be used as a 
substitute of ethylene glycol. Dehydration of glycerol (removing one mole of water from




      
   
   
   
   
   
   
  
   
   
   
  
   
   
  
   
   
     
   
   
   






acetaldehyde. Hydrogenation of acetaldehyde would produce some traces of ethanol. 
Hydration of acetaldehyde followed by dehydrogenation would lead to the acetic acid
production. Similarly, hydrogenation followed by dehydration of acetaldehyde would 
produce ethylene. There could be some other compounds present in the liquid product; 
however, this reaction pathway was postulated based on several studies, such as (Chiu et 

























Figure 5.6 Reaction pathways among the stable compound during glycerol steam
reforming  
5.3 Conclusions 
The activation energy and the reaction order for glycerol steam reforming reaction 
over Ni/CeO2 catalyst were found to be 103.4 kJ/mol and 0.233, respectively based on 
power model. A mathematical model was developed to determine the glycerol conversion 
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A thermodynamic analysis for hydrogen production by steam reforming of 
glycerol has been performed in this study. High temperatures, low pressures, and high 
water/glycerol molar ratios favor hydrogen production when glycerol is steam reformed. 
The study revealed that the best conditions for producing hydrogen is at a temperature 
>900 K (>623 oC) and water/glycerol molar ratio 9:1. Under these conditions methane 
production is minimized, and carbon formation is thermodynamically inhibited. The 
upper limit of the moles of hydrogen produced per mole of glycerol is six versus the 
stoichiometric limit of seven. Although water-rich feed increases the hydrogen 
production, a significant amount of unreacted water is resulted in the products.  
Based on the study conducted over 14 Al2O3 and CeO2/Al2O3 supported catalysts, 
Ni/Al2O3 and Rh/CeO2/Al2O3 were found to be the best catalysts for glycerol steam
reforming. Effects of water/glycerol molar ratio, feed flow rate, and metal loading were
also investigated. It was found that with the increase in water/glycerol molar ratio H2 
selectivity and glycerol conversion increased. About 80% of H2 selectivity was obtained 




9:1, 900 oC and feed flow rate 0.15 mL/min. However, H2 production efficiency could be 
reduced because of increased enthalpy needs for water evaporation. At low flow rates, 
e.g. 0.15 mL/min, the CH4 production was completely inhibited in Ni/Al2O3 and 
Rh/CeO2/Al2O3 catalysts. Increase in metal loading increased glycerol conversion for 
both catalysts, but H2 selectivity did not increase. At 3.5 wt% of metal loading, glycerol 
conversion was about 94% in both the catalysts.  
Effect of supports over Ni catalysts was tested on CeO2, MgO, and TiO2. Nickel 
catalysts were prepared for glycerol steam reforming process using the incipient wetness 
technique. Ni/CeO2 had the highest surface area followed by Ni/MgO and Ni/TiO2. 
Increase in reaction temperatures and water/glycerol molar ratios resulted in positive 
effects on both H2 selectivity and glycerol conversion over Ni/MgO and Ni/CeO2. 
Glycerol conversion increased with the increase in reaction temperature while decreased 
with the increase in water/glycerol molar ratio over Ni/TiO2. Increase in feed flow rate 
reduced H2 selectivity and glycerol conversion in all the catalysts. Ni/CeO2 was found to 
be the best catalyst compared to Ni/MgO and Ni/TiO2 at the reaction conditions 
investigated in this study. Maximum H2 selectivity was 74.7 % with Ni/CeO2 at 
water/glycerol molar ratio 12:1, temperature 600 oC, and feed flow rate 0.5 mL/min. 
Glycerol conversion was more than 99% at the same conditions over Ni/CeO2. 
The activation energy and the reaction order were found to be 103.4 kJ/mol and 
0.233, respectively based on power model. A mathematical model was developed to 
determine the glycerol conversion and the average deviation was 6.7% between the 






This study focused on thermodynamic analysis of hydrogen production from 
glycerol steam reforming process, catalysts screening, effect of supports on hydrogen 
production, and kinetics of steam reforming process. The study identified the best catalyst 
and the effect of supports. However, a detailed catalysts characterization was not 
performed during this study. Future work can be focused on detailed catalyst 
characterization using different techniques, such as XRD and X-ray photoelectron 
spectroscopy (XPS). Also, we mentioned very briefly about the possible reaction 
mechanism/s during the glycerol steam reforming process. A fundamental study based on 
the quantum chemical principles can be carried out to elucidate possible reaction 
mechanisms for this process. Nuclear magnetic resonance (NMR) and Fourier transform
infrared spectroscopy (FTIR) can be used to determine the possible intermediate 
compounds formed during the reaction process. It is also important to look into the effect 
of different doping materials to reduce coke formation and increase hydrogen yield from
glycerol steam reforming process in future studies. Crude glycerol that is produced from
biodiesel plants was also reformed, but salt present in the crude glycerol had detrimental 
effect on the catalyst performance. The experiments could not perform more than three 
hours due to the excess amount of salt deposited on the catalyst, which causes the high 
pressure drop in the reactor. In the future work, the study should focus on removing salt 
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